Ecological and phylogeographical investigations were made of disjunct populations of Deiratonotus kaoriae Miura, Kawane and Wada, 2007 in the Kumanoe (Miyazaki Prefecture) and Miyagawa (Mie Prefecture) Rivers, so as to compare life history patterns and elucidate genetic relationships between them. The relationship of carapace width with sex and occurrence of ovigerous females revealed a similar life history pattern throughout, new recruits occurring in spring and summer, reaching maturity the following autumn, and breeding in winter and spring. Large-sized individuals disappeared before the next breeding season, indicating longevity to be around 1.5 years. However, genetic analysis suggested an absence of present-day larval migration between the two populations. Two genetic groups present in the Miyagawa population were estimated to have diverged from the Kumanoe population in the Pleistocene.
INTRODUCTION
The brackish-water crabs of the genus Deiratonotus include three species, D. cristatus (De Man, 1895) , D. japonicus (Sakai, 1934) , and D. kaoriae Miura, Kawane and Wada, 2007 . The latter, allied to D. cristatus, was recently described on the basis of specimens collected in a sandy tidal side-creek of the Kumanoe River, Miyazaki Prefecture, Japan (Miura et al., 2007) , but has since been recorded from the Kushida River (Nomoto et al., 2008) , Miyagawa River (Umemoto and Miura, 2009) , and Mito, Kongo, Isuzu, Kamo, Isobe and Ikeda Rivers (Nomoto et al., 2010) , all in Mie Prefecture. The geographic distribution of this species appears, therefore, to be disjunct, the two Prefectures being separated from each other by around 600 km.
Widely separated populations provide the potential for conspicuous divergence of genetic and ecological characters between them. Genetic differentiation among populations of other estuarine brachyurans along the Japanese coast has already been documented (Kawane et al., 2008; Yamada et al., 2009) , in addition to inter-population variations in life history traits or social behavior (Henmi, 1993; Yamada et al., 2009; Aoki et al., 2010) . However, to date there has been no work published on population genetic structures or variations in ecological traits of D. kaoriae.
The purpose of the present study was to attempt to understand the genetic similarities and differences between (Fig. 1 ). Crabs were collected from around 12 square meters of estuarine channel by sieving with 2 mm mesh hand nets (3 or 4 persons) during 2-3 hours around daytime slack low tide. All crabs were sexed and their carapace width measured. Females were checked externally to determine if they were bearing eggs. The specimens from the Kumanoe River were refrigerated and subsequently preserved in 70% alcohol, whereas those from the Miyagawa River were later released to the collecting site. Surface water salinity and temperature near the sampling sites were measured on each sampling occasion, and the substrate temperature of the Kumanoe River recorded continuously every 5 minutes for 33 months by a data-logger (StowAway TidbiT, Onset Co.).
A total of 42 specimens of D. kaoriae were obtained for DNA analysis from the Kumanoe River, Miyazaki Prefecture (N = 18) in May 2006 and the Miyagawa 
DNA Analyses
Forty-two specimens were used for mitochondrial DNA analyses. Total genomic DNA was extracted from leg muscle tissue by boiling the tissue in 50 μl of 5% Chelex (BioRad) solution at 98
• C for 10 minutes. The target DNA segment of a portion of the mtDNA cytochrome oxidase c subunit I (COI) region was amplified with primers mtd10 5 -TT GATTTTTTGGTCATCCAGAAGT-3 (Roehrdantz, 1993) and C/N2769 5 -TTAAGTCCTAGAAAATGTTGRGGGA-3 (Gopurenko et al., 1999) . PCR amplification was conducted in a total volume of 20 μl containing 0. (BIO-RAD) . Amplification products were checked by loading 4 μl on a 1% agarose gel (Agarose S, NIPPON GENE) with 0.5 μg/ml ethidium bromide. The remaining product was purified using ExoSAP-IT (usb) and sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit ver. 3.1 (Applied Biosystems) with an automated DNA sequencer (Genetic Analyzer 3100, Applied Biosystems). Sequencing reactions followed the protocol suggested by the manufacturer. All final sequences were obtained from both strands for verification. All newly-obtained sequences were deposited at DDBJ (accession number: AB622197-AB622204).
Data Analyses
The number of mtDNA haplotypes, haplotype diversity and nucleotide diversity were calculated for each population of D. kaoriae using the computer software program Arlequin Ver. 3.11 (Excoffier et al., 2005) . Population structure was examined by analysis of molecular variance (AMOVA, Excoffier et al., 1992) , using Arlequin with a model of one group of populations. Significance, calculated for 100 000 permutations, also utilized Arlequin. Parsimonious relationships among haplotypes with probabilities above 95% were calculated using TCS version 1.21 (Clement et al., 2000) . Genetic distances among populations determined by Kimura's 2-parameter method (K2P; Kimura, 1980) were calculated by PAUP 4.0b10 (Swofford, 2002) . The divergence time among populations was calculated using a mutation rate of 1.66% (K2P) per million years for COI, previously calculated for marine sesarmid crabs (Schubart et al., 1998) .
Population growth evaluations were based on Tajima's test (Tajima, 1989a (Tajima, , 1989b ) and Fu's Fs statistic (Fu, 1997) , using Arlequin. In addition, the fit of the mismatch distribution was compared to that expected under the spatial expansion model with Arlequin. The sum of squared deviations (SSD) and raggedness index (rg) between the observed and expected distributions were used as test statistics, the significance being assessed after 10 000 bootstraps. Inferred expansions were dated using the expression T = τ/2μk, where τ was the estimated number of generations since the expansion, μ the mutation rate per site per generation and k the sequence length. The analysis was based upon a mutation rate of 1.66% per million years for COI (see above) and a generation life of one year.
RESULTS
Population Structure at the Kumanoe River, Miyazaki Prefecture The carapace widths (CW) of male specimens ranged from 3.7 to 10.1 mm (N = 569) and those of female specimens from 3.8 to 12.3 mm (N = 864) (Fig. 2) . Ovigerous females were present from November to May, their size range being 5.9 to 12.1 mm (N = 259). The histogram indicates that small, sex-indeterminate juveniles, being new recruits, occurred from April or May through June or July. This first year group grew to about 6-7 mm carapace widths during autumn, thus attaining maturity, and reproduced from November through May. Although that generation survived into the second year, it disappeared before autumn.
Although lots of ovigerous females were recorded in April 2008, drastic population reduction was recorded in the following samplings. This was thought as caused by the pesticide-dust (Fenitrothion) against a pine stag beetle sprayed to the adjacent forest of the sampling area on 21 May in 2008.
The salinity of the surface water and daily averaged bottom temperatures near the collecting site ranged from 0.7 to 32.6 psu and 10.2 to 31.7
• C, respectively.
Population Structure at the Miyagawa River, Mie Prefecture
The CW of male specimens ranged from 3.7 to 8.5 mm (N = 64) and those of female specimens from 4.2 to 10.8 mm (N = 110) (Fig. 3) . Ovigerous females were present from December 2009 to June 2010, their size range being 6.6 to 9.4 mm (N = 11). The histogram indicates that recruitment of small crabs occurred from June to August (summer), the recruits reaching maturity the following winter. The presence of crabs larger than 7.5 mm CW in July and 8.5 mm in October suggested that longevity was around 1.5 years at least. The salinity and temperatures of the surface water near the collecting area ranged from 3.4 to 20.0 psu and 8.1 to 26.8
DNA Analyses
DNA segments of the mtDNA COI gene, including 550 bp, were sequenced and used for analyses. Eight different mtDNA haplotypes with a total of 10 variable sites were identified from the sequenced specimens (n = 42), with no insertions or deletions. The variable sites included three parsimony-informative sites for phylogeographic analysis. Haplotypes Dk1-5 were recorded only from the Miyagawa population, and haplotypes Dk6-8 only from the Kumanoe population (Table 1) . The nucleotide diversity of the population from the Kumanoe was lower than that of the Miyagawa population (Table 1) , the AMOVA analysis revealing significant population differentiation (Table 2 ). The haplotype network revealed three general groups: the Miyagawa-1 lineage (Dk1, 2), the Miyagawa-2 lineage (Dk3-5) and the Kumanoe lineage (Dk6-8) (Fig. 4) . Genetic distances between the Kumanoe and Miyagawa-1 lineages, and between the Kumanoe and Miyagawa-2 lineages were 0.458% (estimated divergence time: 275,700 years BP) and 0.826% (estimated divergence time: 497,600 years BP), respectively.
In the demographic analyses (Table 3 ), Tajima's D and Fu's Fs statistics were negative for each population, with significant Fs p-value in Miyagawa-2 lineage, and result of SSD p-value in Miyagawa-1 and -2 lineages indicated that each population (especially Miyagawa lineages) had undergone a sudden population expansion. Under the assumption of the spatial expansion hypothesis, the value of τ for the Miyagawa-1 population is 0.309, corresponding to a population expansion which began around 16 900 years BP. The value of τ for the Miyagawa-2 population was 0.286, corresponding to a population expansion starting around 15 600 years BP. The expansion of the population from the Kumanoe began around 37 500 years BP (τ = 0.685), and the overall population, around 193 100 years BP (τ = 3.526). These results show that the population in the Kumanoe has been in stable population size compared to lineages at Miyagawa, which is reflected by significant SSD p-value in the population at Kumanoe. 
DISCUSSION
The populations at Kumanoe and Miyagawa showed similar patterns in that new recruits occurred in spring and summer, growing to maturity by the following autumn, and breeding in winter and spring, although the breeding period was extended to the summer season only in the Miyagawa population. Large-sized individuals also disappeared before the next breeding season at Kumanoe and Miyagawa, indicating longevity to be around 1.5 years in both populations. Thus, D. kaoriae in both populations breed in their first winter/spring season, subsequently dying before reaching the next breeding season. A similar life history pattern (early maturation and short longevity) is known for some populations of the congeneric D. cristatus (Kawamoto et al., personal communication) . The dispersal of planktonic larvae between populations of littoral crabs provides the only opportunity for most populations of theses otherwise benthic animals to exchange genetic material. The similar breeding and recruitment periods observed in the populations at Kumanoe and Miyagawa of D. kaoriae result in similar larval dispersal periods between the two populations. The result of the present genetic analysis, however, suggested that there has been no larval migration between the two populations for a significant period of time (275,700 years). For coastal species, which have planktonic larvae and a short life span, such as D. kaoriae, a certain amount of larval recruitment from the natal and/or adjacent populations is necessary for the maintenance of local populations, due to the lack of greater distance migration. Larvae of D. kaoriae, therefore, are more likely to be characterized by local retention. It has already been noted that the larvae of many marine species are recruited to their natal population, even despite having a pelagic larval period (Sponaugle et al., 2002; Strathmann et al., 2002) . Such local retention of larvae may have led to the genetic divergence between the above populations of D. kaoriae. In the congeneric species D. japonicus, clear genetic differentiation has been found, compared to other littoral crab species (Kawane et al., 2008) , suggesting that species of Deiratonotus may be characterized by reduced genetic exchange between populations because of the patchy distribution of their habitat (coastal brackish water areas).
The genetic population structure of D. kaoriae revealed that the two main populations have been genetically isolated from each other, the haplotype network further suggesting that the two genetic groups within the population at Miyagawa are both derived from the population at Kumanoe. Thus, the Miyagawa-1 and -2 lineages represent at least two periods of divergence, 275,700 and 497,600 years BP (during the Pleistocene). Similar, clearly divergent genetic population structures dating from Pleistocene glacial periods have recently been reported in marine benthic fish having a planktonic larval period (Canino et al., 2010; Kokita and Nohara, 2010) . The geographic distribution of marine organisms inhabiting the Indo-west Pacific region is largely effected by transgression-regression cycles (Avise, 2000; Hewitt, 2000) , i.e., population divergence is likely to occur in regression periods because the coastline becomes more complex, thereby preventing larval exchange among local populations. After divergence during a glacial period, each population may then have been influenced by local conditions, such as genetic drift, owing to the absence of genetic exchange. The extinction of some local populations may have resulted in very few extant populations. The present findings, that population expansion is likely to have occurred before population divergence, supports such a scenario.
